Agonist occupancy of the cloned human serotonin (5-HT)1A receptor expressed in HeLa cells stimulates Na+/K+ ATPase activity as assessed by rubidium uptake. The purpose of the study was to determine which of the receptor-associated signaling mechanisms was responsible for this effect. 5-HT stimulated Na+/K+ ATPase 38% at 2 mM extracellular potassium, an effect characterized by a decrease in apparent Ko5 from 2.8±0.3 to 1.8±0.3 mM potassium without a significant change in apparent V,,,. The EC50 for the transport effect was -3 uM 5-HT. The response was pertussis toxin-sensitive but did not involve inhibition of adenylate cyclase, as stimulation of Na+/K+ ATPase by 5-HT was observed in the presence of excess dibutyryl cAMP. Protein kinase C was not required for the response since short-term incubation with the phorbol esters phorbol 12 myristate, 13 acetate (PMA) and phorbol 12,13-dibutyrate (PDBu) did not mimic the 5-HT effect. Moreover, 5-HT increased Na+/K+ ATPase activity after inactivation of protein kinase C by overnight incubation with PMA. 5-HT and the sesquiterpene lactone thapsigargin increased cytosolic calcium in this cell model, and the EC50 for 5-HT corresponded with that for stimulation of Na+/K+ ATPase. Both thapsigargin and A23187, a calcium ionophore, also increased Na+/K+ ATPase activity in a dose-responsive fashion. The response to 5-HT, thapsigargin, and A23187 was blocked by conditions that removed the cytosolic calcium response. By two-dimensional gel electrophoresis, we established evidence for a calcium-sensitive but protein kinase C-independent signaling pathway. We conclude that the 5-HTIA receptor, which we have previously shown to stimulate phosphate uptake via protein kinase C, stimulates Na+/K+ ATPase via a calcium-dependent mechanism. This provides evidence for regulation of two separate transport processes by a single receptor subtype via different signaling mechanisms. (J. Clin.
1. Abbreviations used in this paper: 5-HT, serotonin; G, guanine; IBMX, isobutyl-methylxanthine; IP3, inositol 1,4,5-trisphosphate; MARCKS, myristoylated alanine-rich C-kinase substrate; PIP2, phosphatidylinositol 4,5-bisphosphate; PMA, phorbol 12 myristate, 13 acetate; PTx, pertussis toxin.
effects (1) . The human 5-HTIA receptor has been isolated, cloned, and expressed in HeLa cells, a cell line derived from human cervical epithelium, where it displays three distinct effects on signaling pathways: inhibition of adenylate cyclase, activation of protein kinase C, and increased intracellular calcium concentration (2) (3) (4) . Although much is known about 5-HT receptors and their associated signaling pathways, relatively little is known about their biologic effects.
We recently showed that the human 5-HTIA receptor expressed in HeLa cells increases sodium-dependent phosphate transport via activation of protein kinase C (2) . One of the potential mechanisms for this effect on phosphate uptake would be increased primary active transport of sodium via Na+/K+ ATPase. Though the present studies confirm this possibility, they importantly demonstrate that 5-HT increases Na+/K+ ATPase activity via a branch of the phospholipase C pathway different from that which increases sodium-dependent phosphate uptake. Specifically, increased cytosolic calcium, and not necessarily activation of protein kinase C, is required for the response. These studies therefore demonstrate that a single receptor subtype may affect different but related transport events via simultaneous activation of divergent signaling pathways.
Methods
Cell culture. Constitutive gene expression was achieved in HeLa cells using the procedure detailed elsewhere (2, 4) . As previously documented, the level of expression in the transfected HA-6 cell line is 2.8±0.8 pmol of 5-HTIA receptor/mg protein (2) . The level of receptor expression was determined every four to five passages using radioligand ([3H]-8-OH-DPAT) binding.
HeLa cells, both "wild-type" and transfected clones (designated as HA-6 cells), were grown in monolayers in DMEM supplemented with 10% FCS, penicillin (100 U/ml) and streptomycin (100 ,ug/ml). Unless noted otherwise, cells were seeded in plastic culture wells or dishes (Costar Nuclepore Corp., Cambridge, MA) and incubated at 37°C in a humidified atmosphere containing 5% CO2 and 95% air. All culture reagents were obtained from Gibco Laboratories (Grand Island, NY). Medium was changed to serum-free DMEM with 0.1% BSA 6-8 h before experimentation. For pertussis toxin (PTx) (List Biological Laboratories, Inc., Campbell, CA) experiments, 100 ng/ml PTx was added to serum-free medium 4 h before study.
Transport studies. Previous studies have validated the substitution of rubidium transport for that of potassium as an estimate of Na+/K+ ATPase in HeLa cells (6, 7). To improve access to the Na+/K+ ATPase, subconfluent monolayers were grown on collagen-coated filters on supports (Costar). After incubation in Earle's solution (Na+ 143 mM, K+ 5.4 mM, Mg2+ 0.8 mM, Ca2+ 1.8 mM, Cl-125 mM, Hepes 15 mM, P042-0.2 mM, pH 7.4) with or without agonist, filters were washed in medium and immersed for 4 min at 22°C in phosphate-free Earle's solution that contained a specified potassium concentration and 86Rb ( 4,000 cpm/nmol K+) with or without I mM ouabain. In these conditions, rubidium uptake was linear through this time point (not shown). Filters were washed with 145 mM sodium chloride at 0°C and solubilized in scintillation fluid for counting. When monolayers were studied in similar conditions on conventional culture dishes only 20-30% of rubidium uptake was ouabain-sensitive compared with 85-95% in monolayers cultured on filters. For calcium depletion stud-ies, cell monolayers were incubated in Ca2"-free Earle's medium with 1 mM EGTA for 15 min before agonist stimulation.
Intact cell phosphorylation. Phosphorylation of proteins in intact cells was done as described previously (2, 8, 9) . Phosphorylation of the myristoylated alanine-rich C-kinase substrate (MARCKS) protein was used as an indicator of protein kinase C activity (2, 8, 9) . A physiologic buffer was used to incubate the monolayer with 32P04 (100 ,Ci/ml) for 2 h before treatment with agonist. The monolayer was washed, cells scraped and suspended in 50 mM Tris/HCl, 1 mM EGTA, 1.5 mM MgCl2, 10 mM benzamidine, 100 mM NaF, 5 mM dithiothreitol, 0.25 M sucrose, and 2% Triton X-100, pH 7.4, at 0°C. After centrifugation at 50,000 g for 20 min, the supernatant proteins were precipitated with 20% TCA, solubilized in a lysis buffer of 9 M urea, 1% Nonidet, 2.5% 2-mercaptoethanol, and 1% ampholines, and prepared for two-dimensional gel electrophoresis.
Protein (11) ; and third, the response was mimicked by 8-OH DPAT, a specific 5-HTIA agonist (11, 12) . The time course of the transport response indicated maximal 5-HT effect at 5-10 min, with return of rubidium uptake to basal rates after 30 min. Fig. 2 A shows the effects of varying concentrations of potassium on rubidium uptake by transfected HA-6 cells. Rubidium uptake was a saturable process which was > 85% ouabain-sensitive. At 1.0, 2.0, and 5.4 mM potassium, ouabaininsensitive uptakes were 1.9±0.6, 1.6+0.8, and 8.9±1.9 nmol/ mg protein per 4 min, respectively, and were unchanged by 5-HT. 5-HT increased rubidium uptake 47.3±22.8% at 1 mM K (P < 0.05), 25.9±5.5% at 2 mM K (P < 0.01), and 12.2±5.1% at 5.4 mM K (P < 0.05; n, 6-9). A Hill plot of the ouabain-sensitive component of rubidium uptake (Fig. 2 B) shows the complex nature of the 5-HT effect on transport kinetics. First, 5-HT decreased apparent Ko.5 from 2.7±0.3 to 1.8±0.3 mM potassium (P < 0.05). Second, 5-HT had no demonstrable effect on either the Hill coefficient (1.1±0.1 to 1.2±0.2) or the apparent Vmax (50.6±3.2 to 53.4±4.0 nmol/mg protein per 4 min). By analogy to enzyme kinetics, the decrease in apparent KO.5 following 5-HT treatment suggests that 5-HTlA receptor occupancy alters the affinity of the pump for extracellular potassium (13) . All subsequent studies used 2 mM extracellular potassium, a concentration that approximated the apparent Ko. ouabain-insensitive component of rubidium uptake to 6% of control values.
Because of the possibility that increased Na+/K+ ATPase activity observed with 5-HT might be the result of increased sodium entry, we compared the effect of 5-HT to that of nystatin, a polyene antibiotic that permeabilizes cells to sodium (14) addition, at 2 mM potassium 5-HT increased rubidium uptake 13.4±3.0% (P < 0.01; n = 6) in the presence of 160 jg/ml nystatin. These two features suggest that the effect of 5-HT is not mediated by an increase in intracellular sodium: (a) stimulation of Na+/K+ ATPase by nystatin has distinctly different kinetic properties than that for 5-HT, and (b) the effect of 5-HT is retained in the presence of nystatin. Fig. 3 shows the dose-response relationship between 5-HT and stimulation of rubidium uptake. The observed EC50, -3 MiM 5-HT, corresponds with that described below for 5-HT stimulation of cytosolic calcium.
The guanine nucleotide binding (G) protein(s) linking the 5-HTIA receptor in HA-6 cells with both inhibition of adenylate cyclase and activation of phosphatidylinositol 4,5-bisphosphate (PIP2) hydrolysis are known to be pertussis toxin substrates (2, 4) . Incubation of monolayers for 4 h with 100 ng/ml PTx prevented the effect of 5-HT on rubidium uptake (control, 22 .6+1.8; 10 MLM 5-HT, 24.0±2.0 nmol/mg protein per 4 min; n = 7). This information suggests the involvement of a PTx-sensitive G protein in the cellular signal, but it does not delineate the specific cell signal. These data demonstrate that the stimulation of Na+/K+ ATPase induced by 5-HT is not mediated by inhibition of adenylate cyclase.
We showed previously that 5-HT and phorbol esters activate protein kinase C in intact HA-6 cells, demonstrated by increased phosphorylation of the MARCKS protein, and that this activation mediates the effects of 5-HT on phosphate transport (2) . As shown in Fig. 5 , varying doses of active phorbols PMA and phorbol 12,13-dibutyrate (PDBu) had no demonstrable effects on rubidium uptake. In addition, 10 AM 5-HT increased rubidium uptake from 25.0±2.2 to 31.1±3.0 nmol/mg protein per 4 min (P < 0.01; n = 7) even after inactivation of protein kinase C by overnight treatment with PMA. These data indicate that the effect of 5-HT on rubidium uptake is not mediated by protein kinase C.
In addition to activation of protein kinase C, 5-HT increases intracellular calcium in HA-6 cells. The initial cytosolic calcium response is presumably initiated through inositol 1,4,5-trisphosphate (1P3), which increases two-to threefold after 1.5-15 min of incubation with 10MM 5-HT (2, 4). quiterpine lactone that increases intracellular calcium without increasing PIP2 hydrolysis (15) (16) (17) . The increase in cytosolic calcium following 5-HT was similar to that described for other hormones which increase IP3 formation (18) and was not removed by the substitution of calcium-free perfusate (not shown). In contrast, thapsigargin caused a less rapid but more sustained increase in cytosolic calcium, as observed in other tissues (15) (16) (17) Fig. 7 shows the effects of thapsigargin and A23 187, a calcium ionophore, on rubidium uptake. Thapsigargin increased rubidium uptake in a dose-responsive fashion (not shown), with 28.2±9.0% stimulation at 200 nM thapsigargin (P < 0.02; n, 6). A23187 also increased rubidium uptake in a dose-dependent manner, with 1 ,uM increasing uptake 29.6±7.6% (P < 0.02; n, 5). In data not shown, 15-min incubation in calcium-free buffer containing 1 mM EGTA removed the cytosolic calcium response to 10 uM 5-HT, presumably due to depletion of cytosolic calcium stores. Fig. 7 shows that these same conditions abolished the effects of 5-HT, thapsigargin, and A23 187 on rubidium uptake. These data indicate that the increase in cytosolic calcium following 5-HTIA receptor occupancy appears to be required for the observed stimulation of Na+/K+ ATPase. Fig. 8 shows results from intact cell protein phosphorylation after treatment of HA-6 cells with these same agonists. We showed previously that 5-HT increases the phosphorylation of (2) . Fig. 8 shows that A23 187 caused increased phosphorylation of at least two proteins, with apparent mol wt of 22 and 32 kD. The 22-kD phosphoprotein had migration characteristics similar to the smaller protein previously described for 5-HT. The calcium ionophore did not significantly change MARCKS phosphorylation. Thapsigargin also increased phosphorylation of similar smaller protein substrates. In addition, thapsigargin increased MARCKS protein phosphorylation by about 30%, suggesting concomitant protein kinase C activation. Thus, 5-HT, A23 187, and thapsigargin increase Na+/K+ ATPase activity and increase the phosphorylation of at least two proteins independent of activation of protein kinase C. These proteins and their possible relationship to the changes in Na+/K+ ATPase activity need to be clarified, but they suggest the involvement of a calcium-dependent protein kinase.
Discussion
These data demonstrate that agonist occupancy of the 5-HTIA receptor expressed in HeLa cells increases Na+/K+ ATPase activity as measured by rubidium uptake, and that cytosolic calcium is required for the response. The transport effect does not require protein kinase C and thus differs from 5-HT stimulation of sodium-dependent phosphate transport, which is mediated by protein kinase C activation (2) . Collectively, the data show that a single receptor subtype can independently affect two related transport events via different signaling pathways.
Receptor-mediated breakdown of inositol phospholipids usually leads to simultaneous increases in cytosolic calcium and activation of protein kinase C (19). We have previously shown that the 5-HTIA receptor expressed in HeLa cells is associated with both of these effector systems (2, 4) and causes increased sodium-dependent phosphate uptake via protein kinase C (2). It initially seemed likely that the increase in Na+/K+ ATPase activity would have the same mechanism as, and be directly responsible for, the increase in phosphate up- Thapsigargin increased MARCKS phosphorylation 250±117 cpm (P < 0.05), the 32-kD protein 72±15 cpm (P < 0.005), and the 22-kD protein 295±144 cpm (P = 0.08). A23187 caused no significant change in MARCKS phosphorylation, but increased phosphorylation of the 32-kD protein 20± 14 cpm (P < 0.05) and the 22-kD protein 63±26 cpm (P < 0.05). Similar results were seen with five experiments.
take. However, the effects of 5-HT on rubidium uptake differ from those on phosphate transport in their lack of protein kinase C involvement. This is supported by two observations: first, various phorbol esters, known short-term protein kinase C activators (19), fail to affect rubidium uptake although they increase phosphate uptake (2); second, downregulation of protein kinase C does not affect the ability of 5-HT to increase Na+/K+ ATPase activity although it markedly diminishes 5-HT stimulation of phosphate uptake and eliminates MARCKS protein phosphorylation by both 5-HT and active phorbols (2) . These data indicate that the 5-HTIA receptor increases Na+/K+ ATPase activity and increases phosphate uptake via different limbs of the phospholipase C pathway.
Inhibition of adenylate cyclase via Gi does not appear to be essential for the increase in Na+/K+ ATPase activity since 5-HT increases rubidium uptake even in the presence of dibutyryl cAMP (Fig. 4) . These observations for the 5-HTIA receptor differ from those for the 5-HTIB receptor subtype, which causes fibroblast proliferation through adenylate cyclase inhibition (20) . However, these findings agree with our previous report for the transfected 5-HTIA receptor and sodium-dependent phosphate transport (2) , and they support the physiologic role for additional signaling mechanisms of receptors linked to inhibition of adenylate cyclase (21, 22) . 5-HTIA receptor activation causes unique changes in the kinetic properties of Na+/K+ ATPase. Data transformation using the Hill equation reinforces two primary observations. First, the changes in kinetic parameters ofrubidium uptake are qualitatively different for 5-HT treatment and protein kinase A activation. Protein kinase A increases the Vma, for rubidium uptake presumably through effects on sodium channels (23) or sodium-proton exchange (24) . Second, the kinetic characteristics of stimulation of Na+/K+ ATPase are fundamentally different for 5-HT and nystatin, suggesting a lack of involvement of intracellular sodium concentration in receptor-mediated stimulation of Na+/K+ ATPase. An alternate explanation for 5-HT-mediated stimulation of Na+/K+ ATPase could be increased sodium-calcium exchange. This seems unlikely because the time courses for the changes in cytosolic calcium and rubidium uptake are different, and because increased sodium-calcium exchange would likely affect the Vmax for rubidium uptake (25) . In addition, the relationship between cytosolic calcium concentration and stimulation of Na+/K+ ATPase is not simple and direct. For example, thapsigargin causes a large increase in cytosolic calcium but a similar level of Na+/K+ ATPase stimulation. The kinetic characteristics of 5-HTIA receptor stimulation of Na+/K+ ATPase suggest that there is direct modification of the enzyme complex.
Recent work proposes a biochemical framework for alteration of Na+/K+ ATPase by classic cell messenger systems. Na+/K+ ATPase exists as a complex of large molecular weight a-subunits and smaller glycosylated f-subunits (26, 27) . At least three distinct forms of the a-subunit have been cloned and sequenced (26, 27) , and a potential cAMP-dependent protein kinase phosphorylation site is conserved in the primary structure ofall three isoforms. Although agonist-induced changes which occur over the long term have been studied extensively (28) (29) (30) , remarkably little information is available regarding short-term regulation.
Receptor-mediated rapid regulation of Na+/K+ ATPase has been proposed for arginine vasopressin (31, 32) , dopamine (33) (34) (35) , and catecholamines (31, 36, 37) , presumably through activation of intracellular signals. Studies in intact cells invoke protein kinase A (38) (39) (40) , protein kinase C (33) (34) (35) 41) , and calcium/calmodulin-dependent protein kinases (37), but frequently these studies fail to account for concurrent changes in cytosolic concentrations of either sodium or ATP. Most importantly, direct biochemical evidence for a-subunit phosphorylation by a protein kinase is still lacking (26) . Giesen et al. (38) (33) (34) (35) . These observations provide ample precedent for the short-term regulation of Na+/K+ ATPase by receptorassociated events but in general they lack systematic investigation of the full sequence from occupancy of a defined receptor to biologic effect.
By characterizing the regulation of Na+/K+ ATPase and of sodium-dependent phosphate transport by the transfected 5-HTlA receptor, our recent studies demonstrate both a functional and a biochemical distinction between activation of protein kinase C and increase in cytosolic calcium. Our previous studies demonstrate that 5-HT induces phosphorylation of proteins via mechanisms that are both dependent (MARCKS protein) and independent (approximately 20 kD protein) of protein kinase C activation (2) . The present studies confirm and extend this information by showing that A23 187 and thapsigargin also increase the phosphorylation of at least two other proteins, presumably via a currently uncharacterized calcium-dependent protein kinase. Pollack has described sodium and ATP-dependent phosphorylation of a 93-kD catalytic subunit in HeLa cells (42) , but a similar presumed protein kinase substrate was not observed in our phosphorylation experiments. Our results are comparable to those from hepatocytes where the phosphorylation of several distinct proteins has been linked to increases in cytosolic calcium (43) and to the findings of Thastrup et al. (17) who suggested a specific phosphoprotein pattern following thapsigargin treatment of platelets. Incidentally, thapsigargin also increases MARCKS protein phosphorylation thereby indicating increased protein kinase C activity. Thus our data indicate that the action of 5-HT on Na+/K+ ATPase involves a calcium-dependent signaling process different from protein kinase C although they do not identify the specific protein kinase or substrate.
The physiologic implications of these observations are uncertain. Serotonin is present in high concentrations in renal parenchyma (44) and may act directly or indirectly in the regulation of renal function (45) . However, characterization and distribution of 5-HT receptors in the kidney is unknown. The current studies show that 5-HT increases Na+/K+ ATPase activity in HeLa cells transfected to express the 5-HTIA receptor. The effect is distinct from that on phosphate uptake since the mechanism is independent of protein kinase C and involves some other effector system that is dependent on cytosolic calcium but remains otherwise unclear. The transfected 5-HTIA receptor provides a paradigm for receptor-mediated regulation ofdifferent transport processes by simultaneous but divergent signaling pathways.
